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Abstract
High temperature pyrolysis of natural gas is the basis of the standard method for the manufacture of 
acetylene. The study of methane pyrolysis was designed to find optimum process conditions that would 
produce high yields of acetylene with minimal carbon formation. High temperatures and short residence 
times enhanced the selectivity for acetylene, while dihydrogen dilution was found to suppress the 
production on reactor products. The carbon formation on reactor surfaces over time is supposed mainly 
responsible for the misalignment of predicted and measured product gas compositions, as the 
mechanisms reported do not consider surface chemistry. In essence, the pyrolysis system favors highest 
possible temperature, and shortest possible residence time, suggesting that the selection of reactor 
materials is the key for optimizing the pyrolysis process. This revealed that operating temperature is 
likely dictated by the physical properties of the reactor materials rather than the selection of optimal 
pyrolysis conditions. The results reported here have relevance for some petrochemical and/or chemical 
processes. 
Key Words
Pyrolysis of natural gas, Acetylene production, Reactor materials, Process optimization 
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Highlights
1. Variables affecting C2H2 selectivity and carbon deposition were studied;
2. High temperatures and short residence times favor high selectivity of C2H2;
3. H2 dilution suppresses over reaction of C2H2 to produce carbon;
4. Low concentration C2H6 has a minimal effect on the pyrolysis of CH4;
5. Kinetic studies combined with CFD simulation were carried out.
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1. Introduction
At high temperatures methane (CH4) undergoes pyrolysis to form in turn, ethane (C2H6), ethylene (C2H4), 
acetylene (C2H2) and carbon (Eqn. 1) [1].
2 CH4  C2H6 + H2  C2H4 + 2 H2  C2H2 + 3 H2  2 C + 4 H2                (1)
This is the basis of the standard method for the manufacture of C2H2. Good yields require a large input 
of heat to overcome the endothermicity, a very high temperature (normally more than 1600 K), a short 
reaction time and rapid quenching [1]. Below ca. 1300 K CH4 is the most stable hydrocarbon, whereas 
above 1500 K C2H2 becomes the most stable hydrocarbon [2]. At these high temperatures the 
thermodynamic product of CH4 pyrolysis is carbon and H2 and therefore for high yields of C2H2 to be 
obtained short residence times are required. 
The heat required for the conversion of CH4 into C2H2 can be provided by combustion of a part of the 
input CH4 via an internal burner (autothermal), or by external heating (allothermal). Autothermal 
production leads to a product stream containing carbon oxides and water (H2O) as well as C2H2, while 
allothermal production, without internal combustion would, in principle, allow the production of less 
contaminated C2H4/C2H2/H2 mixtures, however, the reactor design becomes more complex than for the 
burner systems used for autothermal production. 
Perhaps the best known process for the autothermal production of C2H2 from CH4 is the BASF process 
[3] which was developed in the 1950s and has been operated commercially in a number of plants 
worldwide. In the BASF process pre-heated CH4 and O2 (CH4/O2 in mole/mole ≈ 1.85) are mixed in a 
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specially designed burner and ignite on entering a reaction chamber. The temperature in the reaction 
chamber is greater than 1473 K and the residence time is in the order of a few milliseconds. On leaving 
the reaction chamber the hot gas passes through a spray of H2O which drops the temperature to ca. 350 
K. C2H2 makes up ca. 8 % of the dry product gas and for every ton of C2H2 ca. 50 kg of soot is also 
produced. Some of the soot is removed from the product stream during the quench and the remainder is 
removed by washing with H2O in a cooling column. The C2H2 is separated from other gaseous products 
by selective absorption into a solvent such as N-methylpyrrolidone (NMP) or dimethyl formamide 
(DMF).
Several features of the BASF process, and other autothermal processes, are not necessarily attractive in 
the context of a GTL process. These processes require an O2 feed and hence plants would require an O2 
separation unit, thus adding to the complexity and size of the plant. By-products are H2 and carbon 
monoxide (CO), and unless these can be utilized elsewhere in the process they will likely be used as fuel.
Allothermal processes appear attractive in that they do not require O2 and can potentially produce less 
contaminated C2H2/H2 mixtures. A number of allothermal processes are known for CH4 pyrolysis to 
C2H2, however none of those operating commercially appear suitable for incorporation into a GTL 
process. One example is the Hülls electric arc process which has been operated industrially since 1955 
[4]. In this process CH4 is injected into an arc reactor whose temperature reaches 20,000 K. The product 
gases leaving the reactor are quenched with H2O. Due to the requirement of a large amount of electrical 
energy, the Hülls electric arc process is only viable when this energy is available under favorable 
conditions.
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Another allothermal process that has been used for the production of C2H2 is the Wulff process [5]. 
Operated commercially in the USA between the early 1950s and late 1960s, the Wulff process was 
designed on the principle of indirect heat transfer. Acting as the heat exchanging medium, stacks of 
alumina (Al2O3) tiles were heated in a furnace, by a combustion process, to temperatures of ca. 1800 K. 
A feed gas then passed over the tiles and cracked. The operation of each individual furnace was cyclic, 
with furnaces paired to ensure continuous production of C2H2. Wulff plants were generally operated on 
light hydrocarbon feeds and it is not clear whether they were ever successfully operated with natural gas 
as the sole feed. The Wulff process also suffered from significant soot formation due to relatively long 
residence times. Despite its problems, the regenerative heating approach, upon which the Wulff process 
was based, remains attractive for C2H2 production from CH4 and improved reactor designs have been 
disclosed. In a series of patents ExxonMobil describe a reverse-flow reactor system in which two reactors 
in series are used in a two-step process [6-14]. The reactor system and process are designed such that 
throughout the two-step cycle a heat bubble is maintained at the center of the reactor, thus ensuring 
efficient transfer of heat from an exothermic combustion step to the endothermic pyrolysis step (Fig. 1).
An initial patent, which included examples of a system in which the two reactor sections were comprised 
of ceramic honeycomb monoliths, was followed by two additional patents for which yttrium oxide 
stabilized zirconia (ZrO2) [6] and yttrium oxide (Y2O3) [9] were identified as suitable reactor materials 
due to resistance to corrosion. 
More direct methods of allothermal pyrolysis, in which heat from combustion is transferred to a CH4 
stream via a heat exchanger have also been investigated [15]. Similarly the use of electrical heating to 
provide heat to a channel reactor system has also been pursued [16]. This more direct approach was the 
focus of two major studies in the early to mid-1990s, conducted by two groups, one by the group of 
Page 6 of 44
Wiley-VCH
Chemical Engineering & Technology
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
For Peer Review
7
Holmen, and another by a group at the Instiut Français du Pétrole (IFP). Each group conducted a series 
of thermodynamic, kinetic, and experimental investigations using tubular reactor systems. The results of 
these studies have been summarized by Holmen [1]. 
This paper describes a study of CH4 pyrolysis that was designed to identify process 
conditions that would produce high yields of C2 hydrocarbons, primarily C2H2, with 
minimal carbon formation. The focus of this paper is the gas-phase chemistry of methane 
pyrolysis, including an experimental study and the comparison of experimental results 
with kinetic and thermodynamic simulations. A second paper will describe a study of 
carbon formation inside the reactor and be published separately. The following process 
variables were identified as being likely to have a significant effect on either the C2 or 
carbon yield and were therefore chosen for investigation: temperature, residence time, H2 
addition, etc. At the outset, silicon carbide (SiC) was identified as a material with desirable 
properties for use in a pyrolysis reactor, and hence was the main material used during the 
study. 
2. Materials and Methods
Experiments were conducted using an experimental reactor system designed for high temperature gas-
phase pyrolysis experiments. This experimental system and the experimental design and procedures are 
described below.
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2.1. Experimental setup
The goal of this study was to investigate the pyrolysis of CH4 at temperatures achievable in a SiC reactor. 
Temperatures up to ca. 1800 K were selected, as this was deemed to be safely within the upper limit for 
sintered α-SiC. The design of the reactor thus incorporated a furnace capable of reaching this temperature. 
Another important feature of the reactor design was the rapid heating and cooling of the gas stream. Short 
residence times are known to be crucial in order to maximize the yield of C2H2 from the pyrolysis of 
CH4, and hence the reactor design incorporated a short length high temperature zone and a reactor tube 
with a relatively small internal diameter. With this design it was anticipated that it would be possible to 
investigate the effect of residence time by variation of the gas flow rate, whilst still achieving high gas-
phase temperatures. 
All experiments were conducted in ceramic reactor tubes, 900 cm in length and with an internal diameter 
of 0.6 cm. The reactor tubes were heated by an electrical furnace (Deltech Model DT-29-VT-075-E2404), 
with an upper temperature limit of 1870 K. The hot zone was 14 cm in height, with a pre-heating zone 
of ca. 14 cm. The configuration and dimensions of the reactor and furnace are shown in Fig. 2.
A gas flow control and mixing panel was supplied with pre-mixed gases (Linde, Australia) of the 
compositions shown in Table 1. The panel was also supplied with Ar (99.99 %, BOC, Austalia) and 5% 
O2 in Ar (Linde). The gas flow rates were controlled by mass flow controllers (Brooks 5850E) operating 
within the range of 10-90 % of their total flow. Each of the mass flow controllers was calibrated with a 
Bios Definer 220 flow meter and calibration curves were checked for linearity. The feed and exit gas 
pressures were monitored by pressure transducers. The gases were mixed prior to being fed into the high 
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temperature reactor. A combination of 3 concentrators and 3 filters were used to trap all possible liquid 
or solid products from the product-gas stream.
Gas chromatography was used for quantitative analysis of the product stream with an on-line Shimadzu 
GC17A chromatograph and a Varian micro-GC. The GC17A was set up with two flow lines. A sample 
of the product stream was simultaneously injected into each flow line and two analyses conducted 
concurrently. One flow line, equipped with a Varian CP-Molsieve 5A column (25 m, 0.53 mm, 50 μm) 
and a thermal conductivity detector, was used for the analysis of He, H2, and O2, with Ar as the carrier 
gas. The second flow line, equipped with a Varian CP-PoraPLOT Q column (27.5 m, 0.53 mm, 20 μm), 
methaniser, and flame ionization detector, was used for the analysis of carbon dioxide (CO2), CO, and 
C1-C3 hydrocarbons, with He as the carrier gas. Analyses were conducted under isothermal conditions at 
308 K. Product gas compositions were determined with reference to a series of calibration curves, which 
were constructed from the analyses of five standard gas mixtures. The Varian CP-4900 micro-gas 
chromatograph was equipped with two TCD detectors and a double injector connected to two columns: 
a CP-PoraPLOT U column (10 m length and 0.25 mm inner diameter) to analyze, CH4, C2H2 + C2H4, 
C2H6, and CO2 with He as a carrier gas, and a CP-MolSieve 5 Å PLOT column (10 m length and 0.25 mm 
inner diameter) to separate H2, O2, N2, CH4, CO, and N2 with Ar as a carrier gas. 
Based on an error analysis of the experimental system (gas flow control and analysis of products with 
the GC17A), the relative experimental errors for all gaseous products were calculated to be: CH4, 6%; 
O2, 8%; He, 7%; H2, 8%; CO, 7%; CO2, 7%; C2H2, 6%; C2H4, 6%; C2H6, 6%; and Ar, 6%.
The formulae used to calculate the mole fraction of gaseous products (Eqn. S1 and Eqn. S2), conversion 
(Eqn. S3), selectivity (Eqn. S4), yield (Eqn. S5), and residence time (Eqns. S6-S11) are provided in the 
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Supplementary Information. A carbon mass balance was used to determine the yield of carbon products 
(>C2).
2.2. Temperature profiles
In order to test the suitability of the reactor design a number of experiments were conducted to measure 
the temperature profile within the reactor with a range of furnace set temperatures and Ar flow rates. A 
100 cm long thermocouple, inserted from below, was used to determine the temperature along the reactor 
at 2 cm intervals. A series of temperature profiles were recorded for Ar flow rates of 0, 1000, 2000, 3000, 
4000, and 5000 sccm at furnace set temperatures of 1473, 1573, 1673, and 1773 K (Fig. 3). The 
temperature profiles recorded within the reactor for (a) Ar flow rates of between 0 and 5000 sccm with 
the furnace set at 1573 K and (b) furnace set temperatures between 1473 and 1773 K with an Ar flow 
rate of 3000 sccm are shown in Fig. 3. Axial positions along the reactor tube are quoted relative to the 
inlet (0 cm).
On inspection of the temperature profiles within the reactor it was clear that at flows greater than 3000 
sccm the peak reactor temperature was significantly lower than the furnace set temperature, and that a 
near isothermal region within the reactor was only achieved at flows below 1000 sccm. On the basis of 
these observations it was decided that the reactor met the experimental requirements, but that the 
experimental design should focus on gas flow rates below ca. 3000 sccm.
Another important feature of the temperature profiles was the rapid temperature drop beyond the high 
temperature zone. For all the flow rates tested the peak reactor temperature was at ca. 15 cm, representing 
the furnace chamber height of 14 cm, with the peak shifting slightly downstream with increasing 
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temperature. Beyond this point the temperature dropped rapidly, suggesting that sufficiently short 
residence times could be achieved without an internal quench, or active cooling system.
In such high temperature, high flow reactors the actual gas temperatures within the reactor are difficult 
to assess with reference to temperatures measured with thermocouples alone. This problem has been 
addressed in detail by the application of CFD modeling and will be discussed in Section 3.1.
2.3. Methane pyrolysis experiments
The effect of the following process variables on the pyrolysis of CH4 was investigated: C/H molar ratio, 
residence time, temperature, and C2H6 addition. The temperature was varied between 1473 and 1773 K 
at 100 K intervals. Five gas flow rates were tested (375, 750, 1500, 3000, and 6000 sccm (standard cubic 
centimeter per minute)) representing residence times between 7 and 206 ms. The feed gas mixtures (feeds 
A, B, and C) tested (see Table 1) included three CH4/H2/He mixtures with C/H ratios of 0.05, 0.08 and 
0.13. Another two mixtures (feeds D and E) containing CH4/C2H6/H2/He with C/H ratios of 0.05, 0.08 
were also tested to simulate the pyrolysis of natural gas. In each case the CH4/C2H6 ratio was 20. A 
summary of the conditions tested is presented in Table 2.
The reactor was set up as described in Section 2.1, using a sintered α-SiC tube (Length 90 cm, i.d. 
(internal diameter) 0.6 cm, Hexloloy-SA, Saint Gobain). The furnace was heated at 100 Kh-1 from room 
temperature to the furnace set temperature under a flow of Ar (150 sccm). Once the furnace reached the 
targeted temperature, the desired reactant stream was fed into the reactor. The reactant gas flow was 
maintained for the expected period. Analyses of the product gas were conducted at 10-min intervals using 
the on-line GC17A. In general each set of conditions was maintained for a period of 30 mins, although 
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in selected cases longer periods were tested. Between each set of conditions tested carbon materials 
deposited in the reactor were removed by oxidation by with a flow of 1100 sccm of 2% O2 in Ar for a 
period of 10 minutes. 
3. Theory/calculation
3.1. Computational fluid dynamics
Governing equations
This section describes the mathematical methodology adopted for modeling the single-phase flow in the 
reactor without chemical reactions. The working medium considered was Ar gas. The model was 
developed using a commercial CFD code, Ansys CFX-11. The code calculated the gas flow properties 
by numerically solving the following set of Reynolds-averaged Navier-Stokes and transport equations:
i) continuity
0)(  U                                                                              (2)
where  is the fluid density, and U is the mean velocity vector,
ii) momentum
                                                                 (3)  P)( UU
where P is pressure, and  is stress tensor which is modelled via an eddy viscosity approach in the present 
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work, and  
iii) thermal energy
(4)SPTh  UU )()( 
where h denotes static enthalpy, λ is thermal conductivity of the fluid, and S is the source term. So 
represents the convection heat transport,  heat transport by diffusion,  )( hU )( T  PU
mechanical work.
Heat transfer
In addition to heat convection and diffusion in the flow field, conduction heat transfer through the SiC 
tubular reactor was considered in the simulation. Radiation heat transfer was represented by a ‘Discrete 
Transfer’ model, which followed the paths of an arbitrary number of energy beams striking on and 
reflecting off the wall surfaces. Readers should refer to [17] for specific details of the model.
Wall Thermal Boundaries
For the experimental reactor system, the middle section of the reactor passed through the furnace. Active 
cooling was applied at both ends of the reactor to protect the seals. The associated heat fluxes going into 
and leaving the reactor as a result of furnace heating and active cooling were not determined 
experimentally. Their individual influences on the reactor temperature thus needed to be modeled and 
this was achieved through a set of thermal boundaries along the exterior surfaces of the reactor tube. 
A constant temperature corresponding to the furnace temperature was set along the Heated zone (Fig. 4). 
Above and below this zone, an adiabatic condition was used to represent the Insulators. A non-uniform 
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heat transfer coefficient (HTC), as plotted in Fig. 4, was set to reflect active cooling with the assumption 
that the ambient temperature was 298.15 K.
Under the no-flow condition, gas inside the reactor was considered to be stagnant and hence heat 
transferred only via conduction and radiation. 
Flow Behavior
For the flow inside a channel or pipe having a small cross-sectional area, fluid viscosity can have a more 
dominating effect on the flow motion compared to its inertia. If this were true, the flow would stay in the 
laminar regime and this would critically affect the selection of flow model in the CFD simulation. One 
criterion for assessing the likelihood of laminar flow inside the reactor at operating conditions is the pipe 
Reynolds number.
The pipe Reynolds number based on superficial gas velocity and tube diameter is 440 for the 1500 sccm 
case and 880 for the 3000 sccm case. It is commonly accepted that for a pipe, a flow remains laminar for 
pipe Reynolds numbers less than 2100 [18]. It is thus believed that the reactor flows at 1500 sccm will 
remain laminar. At 3000 sccm, preliminary CFD simulations were performed assuming the flow was 
turbulent. A k–ω based turbulence model, Shear Stress Transport (SST) model of Menter and Esch [19] 
was selected and applied to provide a solution for turbulence quantities k and ω. The eddy viscosity, , 𝜇𝑇
is given by: 
                                                     (5)𝜇𝑇 = 𝑘𝜔
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where ω is the specific rate of dissipation of the turbulence kinetic energy k into internal thermal energy. 
The results show a negligible level of eddy viscosity compared to gas molecular viscosity, µ, (i.e. /µ 𝜇𝑇
< 1.010-6) and hence confirmed that the flow at 3000 sccm was laminar. 
Effect of Reactor Material on Gas-Phase Temperatures
With a gas flow of 3000 sccm and a furnace temperature of 1673 K, CFD simulations were performed 
for reactors made from Al2O3 and ZrO2, respectively. The resulting gas temperatures are compared with 
the SiC reactor case in Fig. 5. The predicted gas temperature profiles show two distinctive trends: a 
strong temperature rise upstream of the furnace, and larger temperature plateau for the Al2O3 and ZrO2 
systems.
These results can be understood with the knowledge of thermal conductivities for the reactor materials 
as plotted in Fig. 6. The thermal conductivity of SiC is more than an order of magnitude greater than that 
of Al2O3 and ZrO2. The SiC reactor can thus transport more heat from the furnace to raise the gas 
temperature upstream of the furnace. Similarly, the SiC reactor can also cool faster downstream of the 
furnace, leading to lower gas temperature. Use of SiC thus helps pre-heating of the gas, while use of 
Al2O3 or ZrO2 can potentially help create a larger Hot Zone inside the reactor.
3.2. Kinetic simulations
The kinetic simulations were carried out using the commercial kinetic modelling software package, 
CHEMIKIN-Pro. A plug flow reactor model with fixed temperature profiles was applied in the 
simulation of the following experiments: 1. For feed gas mixtures A with the flow rate of 3000 sccm, the 
furnace temperature varied from 1673 to 1773 K; 2. For feed gas mixture B with flow rate of 1500 sccm, 
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furnace temperature at 1573 K; 3. For feed gas mixture C with flow rate of 3000 sccm and the furnace 
temperature of 1673 K; 4. For feed gas mixture E with flowing rate at 1500 and 3000 sccm, furnace 
temperature was set at 1573 and 1673 K, respectively. In all simulations a constant pressure was applied 
(100 KPa), and temperature profiles generated by CFD modelling were used. 
A CH4 pyrolysis mechanism generated by the Holman’s research group [20] was applied in this 
modelling. The mechanism was converted to CHEMKIN-Pro format. The mechanism consists of 21 
species and 36 fundamental chemical reactions. Simulation results are tabulated in the Tables S1-S6.
4. Results and discussions
The focus of this study was gas-phase pyrolysis in ceramic reactors, and consequently the lines of 
investigation were chosen based on the issue, specifically on the gas phase chemistry, that was expected 
to be significantly influenced by the choice of reactor material. It was considered that the formation of 
soot and polycyclic aromatic hydrocarbons (PAHs) would only be influenced to a small extent by the 
choice of reactor material, and hence it was decided that previous studies had addressed these issues 
adequately [21, 22]. 
4.1 The effect of the carbon/hydrogen ratio on methane pyrolysis
Pyrolysis experiments were conducted with two C/H ratios, 0.05 (Feed gas A, column 1 – Fig. 7) and 
0.08 (Feed gas B, column 2 –Fig.7). Reducing the C/H ratio was found to both reduce the conversion of 
CH4, and change the yield of different species. For example, the results for the pyrolysis of the two feed 
gas compositions A and B at 1673 K, with a residence time of 18 ms (FAT1673R3000, Table S1 and 
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FBT1673R3000, Table S2), show that the CH4 conversion for the C/H ratio of 0.05 was 32% compared to 
48% with the ratio of 0.08. For the same two experiments the C2H2/C2H4 ratios were 0.2 and 2.1, 
respectively. Decreasing CH4 conversion with increasing H2 dilution has been observed previously [15, 
23, 24], and results, in part, from the suppression of methyl radical formation, the first step in the 
pyrolysis of CH4, by H2 (Equation 6).
CH4
H H2
CH3                                               (6)
The differences in the C2H2/C2H4 ratio for different C/H ratios can be rationalized with reference to the 
key reactions in the radical cascade that ensues following the formation of the methyl radical. The 
pathway to C2H2 involves the coupling of two methyl radicals to form C2H6, followed by 
dehydrogenation to form first C2H4 and subsequently C2H2. Higher concentrations of H2 suppress both 
dehydrogenation steps and consequently reduce the extent of C2H2 formation.
The addition of H2 also has a significant effect of the production of carbon. This will be discussed further 
in a separate paper.
4.2 The effect of the gas-phase temperature on methane pyrolysis
Temperature is a particularly important factor in the pyrolysis of CH4, and temperatures over ca. 1400K 
are required for significant conversion [1]. This study focused on temperatures that are achievable in a 
SiC reactor system, and hence 1773K was the highest temperature tested. Overall, higher temperatures 
were found to both increase the conversion of CH4 and the yield of C2H2. These effects were most 
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pronounced on increasing the temperature from 1573 to 1673K (Fig. 7) These observations support the 
findings of previous studies [1].
For example, the reactor operated at 1773K has longer heated zone (subsequently affect the residence 
time) and higher peak temperature, while the reactor operated at1573 K has shorter heated zone and 
lower peak temperature (as shown in Fig. 3). As stated in the introduction, above 1500 K, C2H2 is the 
most stable hydrocarbon in the pyrolysis of natural gas [2]. Fig. 3 shows that at a high flow rate 
(3000sccm), the 1473 K and 1573 K cases do not have peak temperature of 1500K, implying that less 
amount of C2H2 is produced. 
4.3 The effect of residence time on methane pyrolysis
From Fig. 7 the CH4 conversion clearly increased with residence time, reaching a plateau at ca. 100 ms. 
For the C2 yield the situation was more complex, with the overall trend also dependent upon the feed gas 
composition and temperature. The general trend observed was that the C2 yield increased with residence 
time, to a certain point, at which it began to decrease. The rate of increase, the time at which this increase 
reversed, and the rate of decrease were dependent upon both the C/H ratio and the temperature. In general, 
the residence time at which the C2 yield began to decrease was shorter for higher temperatures and higher 
C/H ratios.
Shorter residence times are well known to give a higher selectivity for C2H2 and a lower selectivity for 
carbon, and this was indeed observed in this study, where this effect was particularly significant at higher 
temperatures.
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A kinetic mechanism developed by the Holman’s research group [20] was tested against the experimental 
results obtained in this study. Simulations were conducted for all of the gas mixtures tested at two flow 
rates, 1500 and 3000 sccm. The general trends observed were the same for all gas mixtures and both flow 
rates. A comparison of the simulated and experimental results for gas mixture A at 1500 sccm by varying 
the furnace temperature from 1473 to 1773 K is shown in Fig. 8. The mechanism simulated the CH4 
conversion with reasonable accuracy. The simulated results were always lower than the experimental 
results, but followed the trend line quite closely (Fig. 8a). The differences could be due to the choice of 
reactor model, or the measurement and simulation of the gas-phase temperatures. For the C2H2 yield the 
simulations matched the experimental results at 1473 and 1573 K but deviated at higher temperatures, 
significantly under predicting the C2H2 yield (Fig. 8b). The major deviations were observed for 
conditions where the carbon formation was high and the mechanism did not included heterogeneous 
reactions on the surface of the carbon. These results suggest that while the mechanism accurately 
represented the reactions that convert CH4, it was less successful at simulating the reactions that convert 
C2H2 to higher hydrocarbons and carbon.
4.4 The effect of ethane addition on methane pyrolysis
Experiments with and without C2H6 in the feed gas were conducted in order to determine whether the 
pyrolysis of a natural gas feed containing C2H6 would behave differently to the pyrolysis of a feed 
containing CH4 alone. This was of interest, as experimental studies reported in the literature have 
generally investigated the pyrolysis of CH4 alone. A feed gas mixture containing a CH4/C2H6 ratio of 20 
(Feed gas E) was chosen to represent a typical unpurified natural gas feed. Very little difference was 
observed between identical experiments conducted with and without C2H6 (Fig. 7, Feed gases E and B, 
respectively), suggesting that at low concentrations C2H6 has a minimal effect on the radical cascade 
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during the pyrolysis of CH4. This observation is only likely to hold for low concentrations of C2H6, at 
high concentrations the pyrolysis of CH4/C2H6 will vary significantly to the pyrolysis of pure CH4, 
particularly at low temperatures.
5. Conclusions
This study was conducted to better understand the relationship between CH4 pyrolysis process conditions 
and product gas compositions. We found that choice of reactor material influences both the selectivity 
for gaseous products and the carbon formations. Consequently it became apparent that time-on-stream 
was also an important factor, as carbon deposition acted to change the nature of the reactor surfaces and 
consequently the selectivity for gaseous products and carbon. 
The findings of this study, in terms of selectivity for C2H2, in essence support the findings of other 
studies. High temperatures and short residence times favor high selectivity for C2H2 and H2 dilution 
suppresses over reaction of C2H2 to produce carbon. Changes in product selectivity occur over time due 
to carbon formation on reactor surfaces and hence kinetic simulations are of limited value in predicting 
produce gas compositions, as the mechanisms reported do not incorporate surface chemistry.  For a 
ceramic channel reactor system for CH4 pyrolysis the choice of temperature is likely to be dictated by 
the physical properties of the reactor material rather than the selection of optimal pyrolysis conditions.  
In essence, the system would operate at the highest temperature possible, with the shortest residence time 
possible. 
Acknowledgements
Page 20 of 44
Wiley-VCH
Chemical Engineering & Technology
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
For Peer Review
Support of this work by Chevron Energy Technology Company is gratefully acknowledged. The authors 
would like to thank Dr Karl Gerdes of Chevron for valuable advices and discussions, Professor Holmen 
from Norweigian University of Science and Technology for supplying his mechanisms and having 
discussions, and Mr Merrill Wilson and Mr James Cutts of Ceramatec Inc. for providing ceramic 
materials. The authors also thank Ms Aishwarya Swaminathan for assistance with the experiments. 
References
[1] A. Holmen, O. Olsvik, O.A. Rokstad, Fuel Process. Technology, 1995, 42, 249-267.
[2] C. Gueret, M. Daroux, F. Billaud, Chem. Eng. Sci., 1997, 52, 815-827.
[3] P. Pässler, W. Hefner, K. Buckl, H. Meinass, A. Meiswinkel, H.-J. Wernicke, G. Ebersberg, R. 
Müller, J. Bässler, H. Behringer, D. Mayer, Acetylene, in  Ullmann's Encyclopedia of Industrial 
Chemistry, Wiley VCH, Weinheim, 2008.
[4] H.-J. Arpe, Industrial Organic Chemistry, 5th ed., John Wiley & Sons, Inc, 2010.
[5] G.H. Bixler, C.W. Coberly, Ind. Eng. Chemistry, 1953, 45, 2596-2606.
[6] F. Hershkowitz, C. Chun, P.F. Keusenkothen, S. Ling, G.D. Mohr,  US8450552B2, 2013.
[7] F. Hershkowitz, C. Chun, P.F. Keusenkothen, S. Ling, G.D. Mohr,  KR101337687B1, 2013.
[8] F. Hershkowitz, C. Chun, P.F. Keusenkothen, S. Ling, G.D. Mohr,  US8821806B2, 2014.
[9] F. Hershkowitz, C. Chun, P.F. Keusenkothen, S. Ling, G.D. Mohr,  CN102459522B, 2014.
[10] F. Hershkowitz, C. Chun, P.F. Keusenkothen, S. Ling, G.D. Mohr,  CA2762152C, 2014.
[11] F. Hershkowitz, C. Chun, P.F. Keusenkothen, S. Ling, G.D. Mohr,  JP5456886B2, 2014.
[12] F. Hershkowitz, C. Chun, P.F. Keusenkothen, S. Ling, G.D. Mohr,  US9441166B2, 2016.
[13] F. Hershkowitz, C. Chun, P.F. Keusenkothen, S. Ling, G.D. Mohr,  EP2432855B1, 2016.
[14] F. Hershkowitz, C. Chun, P.F. Keusenkothen, S. Ling, G.D. Mohr,  US10053390B2, 2018. 
Page 21 of 44
Wiley-VCH
Chemical Engineering & Technology
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
For Peer Review
[15] O.A. Rokstad, O. Olsvik, B. Jenssen, A. Holmen, in Novel Production Methods for Ethylene, Light 
Hydrocarbons, and Aromatics (Eds: L.F. Albright, B.L. Crynes, S. Nowak) , , Marcel Dekker, New 
York, 1992, 259-272.
[16] P. Broutin, C. Busson, J. Weill, F. Billaud, in Novel Production Methods for Ethylene, Light 
Hydrocarbons, and Aromatics (Eds: L.F. Albright, B.L. Crynes, S. Nowak), , Marcel Dekker, New 
York, 1992, 239-258.
[17] ANSYS Inc., ANSYS CFX-Solver Theory Guide, 2013. In: http://148.204.81.206/
Ansys/150/ANSYS%20CFX-Solver%20Theory%20Guide.pdf.
[18] J.K. Vennard, R.L. Street, Elementary fluid mechanics, 6th Edition ed., John Wiley & Sons, Inc., 
Canada, 1982.
[19] F. Menter, T. Esch, in Proceedings of COBEM, Uberlandia, Brazil, 2001.
[20] O. Olsvik, Thermal Coupling of Methane, PhD thesis in Norweigian University of Science and 
Technology, 1993.
[21] F. Billaud, P. Broutin, C. Busson, C. Gueret, Rev. Inst. Fr. Pet.,1993, 48, 115-125.
[22] E.A. Blekkan, R. Myrstad, O. Olsvik, O.A. Rokstad, Carbon, 1992, 30, 665-673.
[23] F.G. Billaud, C.P. Gueret, F. Baronnet, J. Weill, Ind. Eng. Chem. Res., 1992, 31, 2748-2753.
[24] O. Olsvik, O.A. Rokstad, A. Holmen, Chem. Eng. Technol., 1995, 18, 349-358. 
Page 22 of 44
Wiley-VCH
Chemical Engineering & Technology
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
For Peer Review
Figure captions
Fig. 1. A schematic representation of a reverse-flow reactor system, similar to the Wulff 
process, patented by ExxonMobil [6].
Fig. 2. Schematic of the tubular reactor and furnace applied in this study.
Fig. 3. Temperature profiles of the experimental reactor: (a) Ar flow rates of between 0 
and 5000 sccm with the furnace set at 1573K, and (b) Temperatures of furnace between 
1473 and 1773 K with an Ar flow rate of 3000 sccm.
Fig. 4. The heat transfer coefficient (HTC) applied along the actively cooled reactor tube 
sections.
Fig. 5. Effect of reactor materials on reactor gas temperature profiles simulated by CFD 
with a gas flow of 3000 sccm and a furnace temperature of 1673 K.
Fig. 6. Comparison of materials thermal conductivities for Al2O3, ZrO2, SiC.
Fig. 7. Methane conversion and gas production results for experiments: A (C/H =0.05), T 
= 1473-1773 K; B (C/H =0.08) and E (C/H =0.08; CH4/C2H6=20), T = 1473-1673 K.
Fig. 8. A comparison of experimental and simulated results for experiments: (a) CH4 
conversion against temperature, and (b) C2H2 yield against temperature, for feed gas 
mixture A at 1500 sccm of flow rate and T = 1473 – 1773 K.
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Tables
Table 1. Pre-mixed gas compositions.
Composition (mol%)Pre-mix C/H 
(mol/mol) H2 CH4 C2H6 He
A 0.05 87.0 10.9 0.0 2.0
B 0.08 78.4 19.6 0.0 2.0
C 0.13 65.3 32.7 0.0 2.0
D 0.05 89.5 9.0 0.5 1.0
E 0.08 79.2 17.9 0.9 2.0
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Table 2. Methane pyrolysis experiments conducted in this study
Feed gas T (K) Flow rate (sccm)
1473 375 750 1500 3000 6000
1573 375 750 1500 3000 6000
1673 375 750 1500 3000 6000
A
1773  - 750 1500 3000 6000
1473 375 750 1500 3000 6000
1573 375 750 1500 3000 6000B
1673  -  - 1500 3000 6000
C 1473  -  - 1500 3000 6000
1473 375 750 1500 3000 6000
1573 375 750 1500 3000 6000E
1673  - 750 1500 3000 6000
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Figures:
Fig. 1. A schematic representation of a reverse-flow reactor system, similar to the Wulff 
process, patented by ExxonMobil [6].
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Fig. 2. Schematic of the tubular reactor and furnace applied in this study.
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Fig. 3. Temperature profiles of the experimental reactor: (a) Ar flow rates of between 0 
and 5000 sccm with the furnace set at 1573K, and (b) Temperatures of furnace between 
1473 and 1773 K with an Ar flow rate of 3000 sccm.
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Fig. 4. The heat transfer coefficient (HTC) applied along the actively cooled reactor tube 
sections.
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Fig. 5. Effect of reactor materials on reactor gas temperature profiles simulated by CFD 
with a gas flow of 3000 sccm and a furnace temperature of 1673 K.
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Fig. 6. Comparison of materials thermal conductivities for Al2O3, ZrO2, SiC.
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Fig. 7. Methane conversion and gas production results for experiments: A (C/H =0.05), 
T = 1473-1773 K; B (C/H =0.08) and E (C/H =0.08; CH4/C2H6=20), T = 1473-1673 K.
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Fig. 8. A comparison of experimental and simulated results for experiments: (a) CH4 
conversion against temperature, and (b) C2H2 yield against temperature, for feed gas 
mixture A at 1500 sccm of flow rate and T = 1473 – 1773 K.
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A schematic representation of a reverse-flow reactor system, similar to the Wulff process, patented by 
ExxonMobil [6]. 
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Schematic of the tubular reactor and furnace applied in this study. 
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Temperature profiles of the experimental reactor: (a) Ar flow rates of between 0 and 5000 sccm with the 
furnace set at 1573K, and (b) Temperatures of furnace between 1473 and 1773 K with an Ar flow rate of 
3000 sccm. 
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The heat transfer coefficient (HTC) applied along the actively cooled reactor tube sections. 
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Effect of reactor materials on reactor gas temperature profiles simulated by CFD with a gas flow of 3000 
sccm and a furnace temperature of 1673 K. 
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Comparison of materials thermal conductivities for Al2O3, ZrO2, SiC. 
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Methane conversion and gas production results for experiments: A (C/H =0.05), T = 1473-1773 K; B (C/H 
=0.08) and E (C/H =0.08; CH4/C2H6=20), T = 1473-1673 K. 
270x150mm (120 x 120 DPI) 
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A comparison of experimental and simulated results for experiments: (a) CH4 conversion against 
temperature, and (b) C2H2 yield against temperature, for feed gas mixture A at 1500 sccm of flow rate and 
T = 1473 – 1773 K. 
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